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Talk Outline

Introduction to luminosity and the Tevatron.
Recent performance of the Tevatron.
Tevatron physics issues.

Plans for the near future.
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Luminosity

Rate = / o

Int

° o protons Gy

I:)int = Nprotcyint /A

L= N N /A
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Low Beta Lattice
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Hourglass shape

Bx = Bx* t (3'30)2/ Bx*

c5x2 =& ¥ Bx(s)

Beta x in the IR

\ Protons Pbars /

150

beta x in cm
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Luminosity Integral

2 =21, [[[[p1 po dx dy dz d(ct)

p(X,y,z,ct) = N exp[- (x+Ax/2)?/ 2

1
\2ro, OXPL(y*Ay2yT 20,

1
Ny exp[ -(z+ct-ct,)?/ 26,7]

Cogging offset: Separated Orbits:
center of beams AX = z tan(0,) + AX,
collide at z = cty/2 Ay =z tan(6,) *+ Ay,
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Luminosity Formula

L= fre BNLNL F(o,/ B*, OX,G)
2n B (g + &)
Major limitations:
N,/ & = Protons beam brightness
(Beam-beam tune shift.)
BN, = Total number of antiprotons

(Stacking rate.)

B* =35 cm is fixed by lattice.
e = 20m mm-mrad (95%, normalized).

o, = Bunch length.
B = Number of bunches.
0,, 0, = Crossing angles (during 132 nsec operations.)
F = Form factor <1 for 36 x 36
= ~0.5 for 132 nsec.
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Factors in the luminosity integral:

 Beam Intensities
N N

prot’ ' “pbar

« Beam Emittances
€x» €y» Oz Oy ap/p (Proton)
Ex» Eys Oz, Oppp  (Pbar)

» Lattice Functions
B O Mo M
By oy, iy
» Separated orbits
A,, O, Ay, Gy
» Cogging offset, revolution frequency

ct,, frev

24 factors in the luminosity integral!
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Run IT Bunch Configuration

0% 2o 36 x 36 configuration
0_X X O
0, AC o 396 nsec bunch spacing
O, o
oox FO B0 xoo
% <0 3 x 12 proton bunches
EO co 3 x 12 pbar bunches
Oxh’- DO XXO
Q o c;; 5‘ S S ’é ,E) o
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Beam-beam tune shifts

0.03

0.02

0.01

Vertical tune shift

O_m 1 1
0.00 0.01 0.02 0.03

Horizontal tune shift

Tune Shift of a pbar bunch
from 2 head on collisions

Tune shift becomes too large with
more than 2 head-on collisions.

Solution is electrostatic
separators.
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Tevatron Separators

A0
N Electrostatic
5o H\( po Separators are used
0y to separate the

Protons

\ proton and pbar
orbits transversely

except at the IPs

Antiprotons / 0 where the protons
B0 \/,/ " and pbars collide
\

head-on.
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Tevatron Efficiencies
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Luminosity Since June 2002

Peak Luminosity
Average of CDF and Dzero at start of store

%30.0 § o ::. .:. .‘%‘s

o s .‘_gg * Avg lumi (e30)

00 | § & ®* | = 20x running average

Jun-02 Aug—é Nov-02 Feb-03 May-03

Date
225 HEP stores . EunkI r‘eco;c/i 20(1)‘/2250.8530
roken on
212 pb! to each detector
* Run IT record of 44.8e30

Increase in luminosit
from 15630 fo 40 5e30 set on 5/17/2003
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Beam Intensities

Protons at start of HEP
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Number of protons

Mostly steady
in the 200e9 range = 250e9 max

Number of antiprotons

Increase factor of 2.5 Oct = March
from 9e9 = 25e9 per bunch
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Tevatron Emittance

General comments on emittance blow-up from
. . XX

Flying Wire measurement

(95%, normalized emittances):

* <1n - 2n at proton injection

+ ~Bn - 67 at pbar injection

* < (negative) 2n - 37 protons at 150 (scraping)
* ~ (negative) On -3n pbars at 150 (scraping)

* 4n -71 blowup on ramp (prots and pbars)

» occasional instability, 5 - 50x, at 980 Gev

** There remains uncertainty of FW emittance measurements.
(See later slides)
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Reasons for L-progress Since Jun'02

"Shot lattice” AA x 1.40
Pbar emittance at injection Tev/Lines x 1.20
Pbar coalescing improvement MI x 1.15
Shoot from larger stacks x 1.10
Improved Tev Pbar efficiency x 1.10
More Protons at Low Beta x 1.10

total x 3.3

...plus additional improvements in the Tevatron:
Tunes/coupling/chromaticities at 150/ramp/LB
Orbit smoothing
Longitudinal dampers to stop o, blowup
Transverse dampers improves 150 Gev lifetime
F11 vacuum
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Goals and Current Performance

Current Record FYO03

Parameter Status Store  Godl

Typical Luminosity 3.5e31 45e31 6.6e31 cm2sec!
Integrated Luminosity 6.0 12.0 pb-l/week
Protons/bunch 200e9 240e9  240e9
Antiprotons/bunch 22e9 25e9 31e9

Higher intensity = Fundamental physics limitations
- Beam-Beam Effects
- Instabilities
- Beam Halo and Lifetimes

Understanding/Solving these issues requires ...
- Stable Tevatron Lattice
- Diagnostics
- Study Time
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Integrated Luminosity FY 2003

FYO03 Integrated Luminosity
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Beam-beam Interaction As Major Factor

* Pbar transfer efficiency strongly depends on N_p, helix separation,
orbits, tunes, coupling, chromaticity and beam emittances at injection
« Summary of progress with beam-beam since March 2002:

Mar02 *  Oct'02 ** Jan’03 ***

Protons/bunch 140e9 170e9 180e9

Pbar loss at 150 GeV 20% 9% 4%

Pbar loss on ramp 14% 8% 12%

Pbar loss in squeeze 22% 5% 3%

Tev efficiency Inj>low beta 54% 75% 75%

Efficiency AA 2low beta 32% 60% 62%

* average in stores #1120-1128 ** average in stores #1832-1845

*H* average in stores #2114-2153 (9 stores)

UTeV Talk June 5, 2003 Mike Martens, Page 19



Beam-beam Effects: Pbar Only

150=20 hrs, 1980=160 hrs

650'_ """""""""""" e e e 8% Toss on ramp =
6004 e ——— — DC beam:(depends

Antiproton Only Store: 1% loss on ramp, t

..................................................................................................................................
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Antiproton Intensity, €9
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Attacking the Beam-beam Effects

Smaller emittances from AA ("AA shot lattice" )

Reduced injection errors

- Beam Line Tuner

Better control of orbits / tunes / coupling

- Tunes up the ramp
- Tune and coupling drift at 150 Gev
- Orbit smoothing

Larger injection helix
- €O Lambertson replacement

- New Separator settings
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Beam-beam @ Injection Vs Emittance

r

I"'In 153-AFRE-280RE 18:13 MMartnS

R Lifetime of 12 pbar bunches: A1-A4 are injected
SR first with emittances of 32 pi mm mrad — lifetime is
0.95 hr—=> 2.4 hrs; the second set of bunches A13-16
e e e with emittance of 12pi had 4 hours lifetime; and the

3" train A25-28 with emittances of about 18 pi mm
mrad had some 3.2 hr lifetime.

C:FEIAMNG:E3
«In=st1 1EB%2

C:FEIAMNG:22
«In=t1 1EBZ2

1721728 1722088
T2 = Mon Apr 15 171380160 262
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Antiproton Lifetime at 150 Gev

Pbar losses depend
strongly on pbar
emittances and N_p
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Injection Oscillations in Tevatron
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* Turn-by-turn position monitor, (and bunch-by-bunch for pbar)
* Use to tune up injection closure
* 1 mm corresponds to roughly 3-4n emittance blowup

* Improved Pbar emittance blowup by ~3-5n
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Tune/coupling/chromaticity/orbits

Tune up is essential for consistent operations ...

- Much effort during "Studies Periods" is actually
maintenance (orbit smoothing and
tune/coupling/chromaticity adjustments)

.. and for understanding more complicated physics

- Beam-beam effects, instabilities and dampers, beam
lifetimes, beam halo rates, etc. are more difficult to
understand when machine parameters drifting.

Some troubles:

- Tune/coupling drifts at 150 Gev. (Now compensated.)

- Tune/coupling snapback on the ramp. (Now compensated.)
- Chromaticity snapback? (Was measured. Is OK.)

- Orbit drifts. (Started BPM and smoothing improvements)
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Tune Drift @ 150 Gev

M.Martens, J.Annala
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Coupling Drift @ 150 Gev

Measured min tune split
FM0M02 {after dry squeeze)

M.Martens, J.Annala

m FS000 (after dry
SfUeeze)

— Laog. 7A10/02
(after dry
sueezel]

0.025
_ o _ i,
E 0.015 -
2 oo
= y = 0.0061Ln{x) - 0.0094
0.005
I:I I T
1 50 100 1580

Minutes at 150 Gev
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Tune Variations on Ramp/squeeze

SETTOSEE_B1-MAY-GB2_B4-BE-34.51

Frame @

Frame 182
Time = @ Time = 27
4 = @ PICK ¥ = -62.8225
® = EHEEENEN 200M FOIMTS x = 224
4 E«
- 0.02 -
o . i o
i tune units 2 i
N i N —44.8
R = L
Ln 4 Ln -52.8
= =
-] -]
e s = y ok Desired tunes
(red lines) at
1 3 @ | 0.575and 0.583
E §_ ¥: | -g4.8
Tew Tune Tew Tune

* Near start of ramp (150 — 153 Gev): large tune/coupling excursions
 Tune/coupling changes of (0.02 tune units, 0.02 minimum tune split)

* Variations fixed with additional breakpoint at 153 Gev and tune/coupling
snapback correction at start of ramp.
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Chromaticity Snapback Measurements

Measured b2 in the Tevatron dipoles
at start of the ramp after 20 minute front porch

M.Martens, J.Annala, P. Bauer

29 Estimated b,
Measured b, without snapback "

Measured b2
o
Ol

—e— Measured b2, w ith snapback

45 —A— Measured b2, no snapback
— 3rd order fit of b2, no snapback
-5 ‘ ‘ ‘ ‘
0 5 10 15 20 25

Time from start of ramp (sec)
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Chromaticity Snapback Compensation

Comparison of measured and applied snapback
for 20 min and 120 min front porch

M.Martens, J.Annala, P. Bauer

—@—— Meas b2 - 3rd order fit, 120 min FP
———————— Applied b2 snapback, 120 min FP ||

X ——&— Meas b2 - 3rd order fit, 20 min FP
T)
_g ——————— Applied b2 snapback, 20 min FP |
©
®
o~ >
Ko Q
L)
0 ¢
(o)
-
0 2 4 6 8 10 12

Time from start of ramp (sec)

b, snapback is correctly compensated (for shot setup conditions.)
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Orbit Drifts

2

shapshot (FR 5

prot-hatch

B1-0CT-2@8@82 1Z2:58:28

“orbit — reference” at low
beta after about 2 weeks in
September’02

Tunes, coupling, &
vary with closed
orbits distortions

"Rule of thumb” --
keep orbit drifts

under 0.5 mm rms
from "silver orbit"

Orbit drifts of that
scale occur in 1-2
weeks (see picture)

Requires routine
orbit smoothing at
150 Gev, ramp, flat-
top, squeeze, and
low-beta.
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Motion of Tevatron Dipole

Thu 2ZB-JAH-Z2EEZ 14:54:48

A
w
%

<4—Tevatron quench

Measured roll (urad)

-55

Roll of E35-1

dipole after a
Tevatron quench.

2& BE:Ea

27 B@:iea

22 @8:po 29 BE:Ea8 38 B@:aa

21 G@:i@a

‘Ti = Thu DE1 26 BB:0@E:EE feas T2 = Tue Dec 31 GR:@BE:E8 ZO62

1 day

Newly added a
tiltmeter to a
Tevatron dipole.

Observed 10 urad
roll after a quench
Still watchingl!

Larger rolls on
other dipoles?

Long term drifts?
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Diagonal separation S

Helix Improvement
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—
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100 180 =00 280 s00 =80 Pr'oposed helix
Distance from BO Distance from BO

Aperture > >
limitation at S:\/(AX/U,C) +(Ay/0'y)
CO

Increasing proton/pbar helix separation
* Replace €O Lambertson with MI magnets

» Increase vertical aperture at CO from ~15mm -> 40 mm (but only
~30% larger helix due to other aperture limitations.)

from 5.5 t0 6.6

* Modify helix to increase min separation, S,




CO Lambertson Replacement

wuw gL-¢} ainyade |eal1udp

Proton and pbar beam position and
sizes on the helix at the location of CO
Lambertson

Pbar lifetime depends on
emittances and helix
size.

CO Lambertson is
severest aperture
restriction. (See picture)

Design injection helix
modg‘ied and optimized
to fit tight CO aperture
("new-new helix")

(Jan 2003)
Replace CO Lambertsons
Gain 25 mm vertically
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Beam-beam Tune Shift Reduction

Calculated Pbar tune shift (by bunch)
0.0025 ;
0.002 -
£ *e M N
L |
® 0.0015 - L | .
o u (] |
g ] .‘ .. [ ] 4
; ooOt + e *
() l [} [
> | ] ]
00005 + oy
.
0 = I [ I
-0.001 0 0.001 0.002 0.003
Horz tune shift
o Current Helix m Proposed Helix

Proposed injection helix (with larger CO aperture) will
reduce small amplitude tune shift of pbars
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Proton Lifetime Issues at 150 Gev

* Poor proton lifetime on helix ~ 2 hr

- depends on chromaticity
- Instability prevents lower chromaticity (now 8)
- Orbits/size of helix affect lifetime

- Tunes/coupling are a factor
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Lifetime and Chromaticity at 150 Gev

Loss rates (LOSTP) versus chromaticity

Measured loss rates as
function of chromaticity
(with protons on the pbar helix)

N
L 1600 - 4
8 1200 - Y 3
[0}
T 800 - . 4
(/)]
o 400 - X 3
g8 o e @ ‘ ‘

0 2 4 6

Horizontal Chromaticity
Loss rates (LOSTP) versus chromaticity

N 1600
= 1200 P'S
9 | 4
£ 800 - L
w400
—o‘ 0 T T T

0 2 4 6

Vertical Chromaticity

» Lower chromaticity is
better for lifetime

* Instabilities appear & < 3-4

* Run with {; = 8, &,=8 to
avoid instabilities

« Dampers allow us to lower
chromaticity and improve
lifetime
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Unstable Head-tail Motion

Developing head-tail instability with monopole configuration
Beam is unstable for §,~ 6, ¢, ~ -3
Longitudinal and transverse Jamper's OFF

N,= 260E9
s N=~2.6-10', & ~6, §yz—3,_va:0.5857, v, |=0.5725 b
g i WWW
i,olo O s sl o W ulunnn“lluull| I
g Rl (Ll
>4 4 0 200 400 600 800 1000 1200 1400 1600 1800 2000
1 i 1.96410,

Turn Number
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Transverse Instability

+ Beam remnants point to coherent betatron mode with /=2

11,. . 11 .
N =2.6-10 init. beam — N =1.03-10 remain. beam
b ( ) b ( )

P.lvanov, A.Burov

= e r=— —ET WY —— 5 =

1. = e ————— i e R e Y

E A 3 Nsec el ansec
Pl e A B b S e e ey,
- ' H - ‘w—— X o R =S T % e 5 = lr'-::. T
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Unstable Head-tail Motion

Observed transverse oscillation for stable conditions
Beam is stable for £, ~ 8,&, ~ 8

Longitudinal and transverse dampers OFF

N,= 260E9

1 \ \ \ \ \
N=~2.6-101,& =8, & ~2,|v_|=0.5850,|v |=0.5736
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TeV Transverse Damper

— §§ Auto A Notch

Filter

—T Zero

To 5kW VCO

Injection 77— From pbar damper signal Gain

Damper -~ Control
Power Amps e on

o R
A - 1.9 MHz

..

VCO

UTeV Talk June 5, 2003 Mike Martens, Page 41



Longitudinal Impedance - "Dancing Bunches”

Stopped 32 1
F1 : : :

= Mountain Range Display R.Moore
L002-07-16 15:47:29=1 Ormdr

1G5-5 10n34iv

oS5/

.

I"IHI‘I'.h1 C1+C3

A —> B
Single(N)

188 turn delan

» Beam in 30 buckets
- 100 Tevatron turns

(~2 ms) between
traces

» Synch freq ~ 85 Hz
» Oscillation amplitude

depends on bunch,
changes slowly with
time (minutes at 150
GeV, seconds at 980
GeV)

- Model needs

inductive impedance
Z/nx2 Ohm
interplaying with
cavity impedance

- Coalesced bunches

have dancing
bumps
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TeV Longitudinal Damper Block

Q
90° Delay
VCO N
\ _I
30 MHz
Beam In \
100 MHz
Gain . -
Control Cavity . uth
Compensation Di gital D elay <
To Fanout
Phase Shifter f : :
1.5 MHz Digital Delay

53 turns

UTeV Talk June 5, 2003 Mike Martens, Page 43



Bunch Length Blowup During Stores

1@

DC
Intensity
(E12)

3

TiSBDME
_arlkTu MEFR

Bunch
length
(ns)

Agz 11:88:11
Before damper ii

\\_\_‘_‘—‘—\—
— 1
rpd__FJfF__de%:::::::::::::m
_,—o-'—"'"_'—_—'_'_r
blow up ~10%
R
ag 21:21 B9 B2:18@ B9 B7:E8 B9 11:45 a3 1s

Tl = Wed May 8§ 21:21:33 2682

Problem solved by bunch-by-bunch longitudinal damper

T2 = Thuy May 9 1g6:38:26 2662
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T: IEEAN
Ctrls

TiSBOME
.CIF

1E12

HSED

18

]
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18:57: 84

With damper

J.Steimel, C.Y.Tan

..—'—'_'_"'_"'_F".F

-

\

no sudden jumps
over entire store

23 B2ige

o3 B4i3a

Tl = Mon Sep 23 BE:00:@0 2662

Intensity-dependent, leads to significant CDF background rise
Usually only one or a few bunches would suffer

23 B7ioe

23 Bei3g 23 12:88

T2 = Mon Sep 23 12:88:80 2662
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Diagnostics Progress: SyncLite Monitor

Values averaged over 10 mins from [8:33:51 10-4-2002
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tilt bunch-by-bunch for
both protons and pbars

eInvaluable instrument
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Diagnostics: Flying Wires

#1828, injection

GxPB Z:Flying Wires Plot
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Proton channels
tuned up in March
Still some (15% ?)
calibration needed
Pbar channels data

are subject of
correction

"Jumping"”
emittances
(improper dP/P?)
Recalibration of

both p and pbar
channels is due

Need raw data
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Tev Scraping Studies

Beam Intensity

Collimator position (mils)

Intensity versus collimator
position assuming Gaussian
beam (1D scraping):

_(x—xp)?

N =N,(1-e *°")

Vertical prot emittance

measurement
(95%, normalized)

Use scrapers to measure
emittance. Then compare to
FW and Sync. Lite

Scraping: 24-27 =
Flying Wire: 30
Sync. Lite: 34

Need to know

function at monitors!
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Tev Scraping Studies

o

> [ swresgnn
Horizontal proton 2
D
Scraping: 31-33 = e
Flying Wire: 22-28 & S
Sync. Lite: 34 n @
Dispersion is an issue !! Collimator position (mils)
Vertical pbar > i
£
Scraping:  20-24n 39
Flying Wire: 42 = i
Sync. Lite: 44~

~220 -200 -180 -160  -140 -120
Collimator position (mils)
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Progress on Tevatron Physics Issues

* Lattice Measurements

* FO Lambertson major impedance source

» Smart bolts and coupling

» 15t indication of Beam-beam comp. (TEL)

» Dancing bunches analyzed

* New 1.5 GHz Schottky tune detector

+ SBD/FBI calibration

* Work on the new helix

» Octupole studies to improve beam stability
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Beam-beam Effects at 980 Gev

Pbar FW Horz Emittance 0.585 0.590 0.595 0.600 0.605 0.610 Yu.Alexahin
: : 0.600 0.600
T:FWHEMI pi mm mrad g
30 0.595 “\\ 1 0.595
23 0.590 0.590
20 0585 \\\ 0.585
15 .
0.580 | 0.580
10
0.575 0.575
b
0 0.585 0.590 0.595 0.600 0.605 0.610

Bunches 1-12 Bunches 13-24 Bunches 25-36
 Pbar bunches near abort gaps have better emittances and live longer
« Emittances of other bunches are being blown up to 40% over the first 2
hours — see scallops over the bunch trains
 The effect 1s (and should be) tune dependent - see on the right
« Recently, serious effects of pbars on protons — completely unexpected
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Beam-beam Tune Shift Measurement

pbar tunes in collision

< QH lower

o QV lower

+ prediction H
(Alexahin)

X prediction V
(Alexahin)

0 10 20 30 40
bunch number

* Measured and predicted pbar tune shift as function
of bunch number at collisions.

* Used gated "tickler” to excite individual pbar bunches
and measured tunes with schottky pickup
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Working Point Tune Scans
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VX

Measured pbar halo loss rate during
collisions as function of pbar tunes
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Goals for near future

Intesrated luminosity (h )

»  Deliver 200 - 300 pb:! to
FYO03 Integrated Luminosity ZGCh deTeCTor by end
3 T T T October 2003

o o 1 ‘ /" +  Steadier running (less
- it lum. base - S*Ud'@S)

L S L - Reach geak luminosities

: / ; of 45-50e30 be end of

- summer.

150

\

: : *+ 5-10% more protons
o0 . - From MI, better in Tev
: : » 5-10% more pbars
- Larger stacks
- New helix
5-10% smaller emittances
- Scallops tuned
- Injection matching
- Dampers

May'2
Juli2 I
Sepl
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Tevatron Beam Physics Issues

* New helix

* MI -> Tev injection mismatch

» Octupoles or dampers on the ramp

* Beam-beam studies and compensation

» Tevatron BPMs, orbit smoothing

» Tevatron alignment (smart bolts and rolls)
» Lattice measurements
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